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Abstract

Room temperature adsorption of C60 on the ¯at quasicrystalline surface of Al70Pd21Mn9 has been investigated using

scanning tunnelling microscopy. A dispersed overlayer is formed at low coverage, with avoidance of step-edges. There is

no evidence of island formation or clustering. As the coverage is increased, a higher density layer is formed with no

evidence of the formation of hexagonal ordered adsorbate structures seen on other substrates. This is followed by the

onset of second layer formation. A range of bonding sites for C60 molecules is implied from measurements of apparent

molecular heights and from thermal e�ects. Detailed analysis of the surface at a low coverage (�0.065 ML) provides

evidence of adsorbate local order, with Fibonacci (s-scaling) relationships between the C60 molecules. Where this oc-

curs, the preferred adsorption site is tentatively identi®ed as the pentagonal hollow. These local correlations however

are not found to extend over larger regions of the surface. Ó 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

Quasicrystal surfaces pose intriguing questions
of both a fundamental and applied nature. It has
been found that quasicrystals exhibit properties
that may ®nd technological applications in the
near future; these include low surface energy, low
friction and good corrosion resistance [1]. For a

comprehensive understanding of these properties,
a detailed knowledge of the surface behaviour is a
requirement. On the other hand, there are ques-
tions of a fundamental nature which also require
answers. Under what conditions of preparation is
the surface truly quasicrystalline? How does the
geometry of the surface re¯ect that of the under-
lying bulk structure? Can current bulk models [2,3]
be re®ned by the determination of the surface
structure?

There has been an upsurge of activity to try
and provide answers to these questions, and much
of the attention of the surface community has
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focussed on the icosahedral Al70Pd21Mn9 quasi-
crystal. This is because it is possible to prepare
large high quality single grains suitable for analysis
using surface science techniques. In particular,
scanning tunnelling microscopy (STM) has been
applied to elucidate the quasicrystalline surface
structure of this material [4±10]. Surfaces can be
prepared in a highly perfect form with large
( P 1500 �A) atomically ¯at terraces. We now know
that it is Al-rich with a complex structure which is
not known at the atomic scale [11±13], but with
several repeating geometric features distributed
across the surface with quasicrystalline ordering;
in particular the surface has a dense distribution of
®ve-fold pentagonal hollows of height 7� 1 �A 1

which display Fibonacci scaling relationships (also
referred to as s-scaling relationships, as the dis-
tances between hollows are non-periodic but pro-
portional to the golden ratio s � 1:618 . . .) [4±7].

A natural progression is to see how the geom-
etry of the surface is modi®ed when adsorbates are
present. This is potentially important from a
technological perspective; for example it may be
possible to improve the friction properties by
forming a thin molecular coating of a suitable
molecule [14]. There is also the interesting possi-
bility of whether a two-dimensional single species
quasicrystalline overlayer can be formed. An atom
or molecule adsorbing at a unique site on a
quasicrystal surface could form such an overlayer
by transference of the quasicrystallinity from the
substrate `template' to the adsorbate structure.
Such overlayers would be very attractive for
comparison with theoretical predictions of their
expected symmetries [15], for study of a wide range
of electronic and dynamic phenomena in two di-
mensions (2D) [16], and as physical realisations
of the in¯ation property of Penrose tilings [17].
However, it is not obvious that such overlayers can
be formed. Adsorbates such as oxygen [18] and
sulphur [19] have been found to cause immediate
disordering of this surface. This disordering may
be due to their strong chemical bonds to the sur-

face atoms, leading to multiple-site and/or displa-
cive adsorption.

To provide answers to some of the issues out-
lined above we choose C60 as a candidate adsor-
bate molecule. C60 has been shown to improve the
frictional properties of surfaces [14]; furthermore
it tends to stay intact upon adsorption and forms
fairly weak bonds to the substrate. Its cage di-
ameter (�7.1 �A) is of the same order as that of the
pentagonal holes which decorate the quasicrys-
talline surface used in these studies. We have
carried out extensive room temperature STM in-
vestigations of C60 adsorption on the ®ve-fold
surface of Al70Pd21Mn9 combined with Auger
electron spectroscopy (AES) and spot-pro®le anal-
ysis low energy electron di�raction (SPA-LEED)
measurements. Here we report the results of these
experiments and discuss the implications of our
®ndings.

2. Experimental details

The Al70Pd21Mn9 sample was cut perpendicular
to its ®ve-fold symmetrical axis and was polished
using 6, 1 and 0.25 lm diamond paste on Tex-
met cloth for one hour. The initial measurements
were carried out in an ultra-high vacuum (UHV)
chamber equipped with an Omicron STM instru-
ment and an Omicron LEED system that could
also be used for retarding ®eld AES. The dosing
experiments were later repeated in a separate UHV
chamber with an Omicron STM-1 instrument and
a LEED optics. SPA-LEED measurements were
conducted in a third chamber following the same
surface preparation and using the same dosing
system. The sample temperature was measured
with an optical pyrometer in conjunction with a K-
type thermocouple. The in-vacuum preparation of
the sample consisted of cycles of sputtering at 1
keV by Ar� ions at a grazing angle for 90 min and
annealing to 970 K for 2 h 30 min. The ®ve-fold
symmetric LEED patterns recorded after this
treatment were very sharp with a very low back-
ground, and sample cleanliness was veri®ed using
AES. After such treatment the sample has large
¯at terraces and the detailed structure appears
similar to that previously reported as quasicrys-

1 This distance is measured from the centre of one side of the

pentagon to the opposite apex.
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talline by ourselves and other groups [4,8±10]. All
STM images were taken with a positive sample
bias which implies tunnelling into the unoccupied
states of the surface.

The dosing system built to evaporate the C60

molecules (99:9�% (HPLC)) consists of a tanta-
lum wire tightly twisted around a glass tube. The
temperature of the glass tube was measured by a
K-type thermocouple placed at the level of the C60

molecules and the sample was at room tempera-
ture when dosing. The doser was at a temperature
of 490 K which is high enough to evaporate C60

but does not cause cracking of the molecules. The
doser was placed about 5 cm from the surface of
the sample. AES was used to monitor the relative
uptake of C60 as described in the next section, but
because of di�culties in absolute coverage deter-
mination using AES, the amount of C60 was esti-
mated by calculating the area covered by C60

molecules (based on their van der Waals diameter
of 10 �A) as a fraction of the overall image area.
This procedure allowed an approximate calibra-

tion of dosing time with coverage. All coverages
quoted below are in monolayers (ML), and the
error associated with coverage is estimated to be
�20% of the measurement. All measurements were
taken at room temperature. The purity of the
molecular ¯ux was monitored by a mass spec-
trometer.

3. Results and discussion

Fig. 1 presents an overview of the adsorption
behaviour. Fig. 1(a) is a 1000� 1000 �A2 image of
the clean surface after the preparation procedure
described in the Section 2. Large terraces are pre-
sent on the surface, which has a very small cor-
rugation (typically 6 1 �A). Fig. 1(b) shows the
surface with a coverage of 0.065 ML. The C60

molecules are clearly visible on the surface, con-
sistent with other STM studies of this adsorbate
[21]. At this coverage, the molecules form a dis-
persed layer, with no evidence for preferential

c
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Fig. 1. (a) 1000� 1000 �A2 STM image of the clean surface; (b) 1000� 1000 �A2 STM image for 0.065 ML coverage (2.54 V, 1.04 nA);

(c) 1000� 1000 �A2 STM image for 0.13 ML coverage (0.59 V, 1 nA); (d) 1000� 1000 �A2 for 0.26 ML coverage (0.93 V, 1 nA); (e)

900� 900 �A2 for 0.54 ML coverage (0.98 V, 0.95 nA); (f) 900� 900 �A2 for 1.05 ML coverage dosing (2 V, 0.95 nA). The white frame

shows a 200� 200�A2 region which is analysed further in Fig. 5.
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adsorption at the step-edges or of cluster or island
formation. As the sample is further dosed the
density of molecules increases in proportion to the
dosing time Fig. 1(c)±(f). There is no evidence of
the formation of hexagonal overlayers seen on
other substrates, e.g. Al(1 1 1) [20]. AES scans were
recorded for each of the coverages illustrated in
Fig. 1. The ratio of the CKLL peak to the PdMNN

peak at 330 eV as a function of coverage as de-
termined by image analysis. The results are shown
in Fig. 2. This ®gure con®rms an essentially linear
uptake of C60 molecules, consistent with the STM
observations.

We now consider what information can be ob-
tained on the bonding and orientation of the
molecules from images of the molecules them-
selves. Fig. 3(a) shows a 100� 100 �A2 image of the
surface with 0.065 ML coverage. The large ap-
parent width of the C60 molecules ( P 14 �A) is
typical of STM measurements of these molecules
and is due to a tip apex-sample convolution [21].
(The van der Waals radius has been used to cal-
culate the coverage as noted in Section 2 as the
apparent diameter of the C60 molecules is some-
what tip- and scan-dependent.) The clean surface
areas between the C60 molecules are not as well
resolved as in a similar size scan of the clean sur-
face, because of the presence of the C60 molecules.
Fig. 3(b) shows an 40� 40 �A2 region of the surface
at the 1.05 ML coverage. Here the apparent mo-
lecular diameter is 10� 2 �A (comparable to the
van der Waals radius). At this coverage, the
smaller apparent width of the molecules is pre-
sumably due to the smaller surface corrugation. In
both Fig. 3(a) and (b) the molecules appear to
display some internal structure, which may be an
indication that they do not rotate on the surface
[22,23]. However further work is needed to eluci-
date this point.

By measuring the apparent height of the mole-
cules at low coverage, it was found that they group
into three classes in almost equal numbers. Type A
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Fig. 2. Variation of the C60/Pd peak to peak ratio as a function

of coverage as determined by image analysis (as described in

Section 2).
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Fig. 3. (a) 150� 150 �A2 high Resolution STM image at a coverage of 0.065 ML (1.97 V, 1.04 nA). The molecules labelled A, B and C

are discussed in the text. (b) 40� 40 �A2 region of the surface for a coverage of 1.05 ML (0.5 V, 0.95 nA).
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has an apparent height above the surface of
7:6� 1 �A, type B a height of 6:3� 1 �A, and type C
a height of 5:6� 1 �A. The presence of three dis-
tinct heights of molecules at low coverage is an
indication of di�erent bonding sites on the surface.
The height di�erence has two possible origins: a
topographical contribution due to bonding in
hollows of di�erent depths, and the possibility of
bonding to di�erent atomic species in the surface.
(A small apparent height can correspond to a re-

duction in the local density of states of the C60 due
to a stronger interaction with the substrate [22].)
The most likely explanation is a combination of
these e�ects, as due to the complexity of the sur-
face, di�erent hollows on the surface will have
di�erent atomic environments also [11,12].

We have also observed tip-induced motion of
molecules on the surface. Fig. 4 shows a 150� 150
�A2 section of the surface at the 6.5% C60 coverage.
An example of such a motion taking place is
shown in Fig. 4. This indicates that the molecule
experiences a fairly ¯at potential energy pro®le as
it moves across the surface and is not necessarily
an indication of a weak bonding strength. Evi-
dence that some of the molecules are more weakly
bonded than others comes from heating the sam-
ple. When the monolayer surface represented in
Fig. 1(f) is annealed to 600 K, partial desorption of
the molecules results leaving a surface which has a
coverage of about 0.25 ML as measured with AES.
Overall, the picture which emerges is that C60 oc-
cupies a range of bonding sites on this surface.

At the 1.05 ML coverage the start of second
layer growth is observed. The surface at this stage
is almost covered with C60 molecules, but it is still
possible to ®nd some areas of the surface which are
not saturated. Fig. 5(a) is a larger scale image of
the framed region of Fig. 1(f). The white line in-
dicates the direction of the line pro®le shown in
Fig. 5(b). The height di�erence between the bot-
tom of the trough and the peak of the protrusion is
measured at 13:9� 1 �A. This is close to twice the
C60 cage diameter (7.1 �A) and indicates that the
protrusion represents a molecule in the second

A’

M

Fig. 4. 150� 150 �A2 STM image of the ¯at Al70Pd21Mn9 sur-

face at a coverage of 0.065 ML (1.97 V, 1.04 nA). The molecule

marked M is di�using across the surface, under the in¯uence of

the STM tip. The circles denote the ®ve-fold hollows discussed

further in relation to Fig. 7.
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Fig. 5. (a) 200� 200 �A2 region framed on Fig. 1(f) for 1.05 ML coverage (2 V, 0.95 nA) and (b) plot pro®le of the line present on (a).

The height di�erence is 13:9� 1 �A which corresponds to twice a C60 molecule height.
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layer. Several other such molecules are visible in
Fig. 1(f).

We now consider whether the molecules display
any symmetry interrelationships. The LEED pat-
tern from the surface is still visible for the 0.54 ML
coverage although SPA-LEED measurements at
this coverage indicate that the intensity is reduced
by �50%. The pattern disappears completely at
the 1.05 ML coverage. This corresponds to the
completion of the ®rst layer of C60 molecules.
However the molecules themselves do not appear
to adopt any special symmetry relationships. Fast
Fourier transforms (FFTs) were carried out for
each of the images, and a ®ve-fold pattern was
observed only for the lowest coverage studied
(0.065 ML), which is probably due to the under-
lying surface structure. Another way of characte-
rising the symmetry relationships between objects
which do not exhibit translational symmetry is
through the use of 2D autocorrelation patterns of
the images. This technique has been used to good
e�ect to provide quantitative information on the
distribution of features visible in high resolution
images of the clean surface of the Al70Pd21Mn9

quasicrystal [4,10]. However the autocorrelations
of the C60 molecules in Fig. 1(b)±(f) do not show
any evidence of long-scale ordering of the mole-
cules. These results indicate that the LEED pattern
observed from the surface as dosed in Fig. 1(b)±(e)
is due to the residual part of the surface which is
not covered by C60 molecules.

The lack of symmetry observed and indeed the
apparent existence di�erent bonding arrangements
at low coverage (A, B and C in Fig. 3(a)) rule out
the possibility of long-range correlations between
the C60 molecules on the surface. This does not
however exclude local ordering of C60 molecules.
In Fig. 6 we present a 150� 150 �A2 image of a
terrace of the clean surface after the preparation
procedures described above. A feature intrinsic to
this surface is the distribution of large protrusions
which appear as the bright features in the images.
These large protrusions appear to be defects on the
surface, and their density can be reduced by re-
®nement of the preparation procedure. Another
feature of this surface is a dense distribution of
pentagonal hollows, several of which are marked
in Fig. 6. Such pentagonal hollows appear in the
model of Gierer et al. [12]; they do not all have the
same atomic composition. A higher magni®cation
20� 20 �A2 image of one of these hollows is shown
as an inset in this ®gure. Schaub and coworkers
have shown that these pentagonal hollows are
aligned along a Fibonacci pentagrid on the surface
[4±7]. This means that successive spacings of
planes of these hollows have either long (L) or
short (S) interplanar spacings, with the ratio of L
to S being s, the golden ratio [24]. 2 The distances
between such hollows are subject to s-scaling re-
lationships: if the distance between two hollows on
a line is multiplied by the golden ratio s or mul-
tiples of s then the resulting distance locates other
such hollows along the same line. The minimum
separation between the centres of such hollows is
about 12 �A. All hollows on the surface have such
scaling interrelationships; some examples (chosen

A

B

C

D

E

F

G

H

36û

Fig. 6. 150� 150 �A2 STM image of the ¯at Al70Pd21Mn9 sur-

face (1.97 V, 1.04 nA). Sequences of pentagonal hollows la-

belled A;B; . . . ;H along two directions are indicated. The angle

between these two lines is present in a Fibonacci pentagrid.

Inset: a close-up view of one of the pentagonal hollows.

2 The Fibonacci sequence consists of terms such that the nth

term is the sum of the nÿ 1 and nÿ 2 terms; furthermore the

ratio of successive terms approaches the golden ratio s as n
becomes large; s is an irrational number whose ®rst few terms

are s � 1:618 . . . .
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speci®cally with the following discussion of C60

adsorption in mind) are shown in Fig. 6; the dis-
tances �AB� � 30� 3 �A, �AC� � 50� 3 �A, �AD� �
85� 4 �A and �AE� � 141� 5 �A. Thus within ex-
perimental error

�AE� � s�AD� � s2�AC� � s3�AB� �1�

and similarly

�EH� � s�EG� � s3�EF�: �2�

We now demonstrate that local ordering can
occur on the surface. Fig. 7 shows a 150� 150 �A2

section of the surface at the 0.065 ML C60 coverage
(this image is identical to that in Fig. 4). It is
possible to locate some of the unoccupied ®ve-fold
pentagonal hollows; these are shown encircled in
Fig. 4 and are marked with dashes in Fig. 7. The
positions of several C60 molecules are marked as
C0, E0, F0, G0 and H0. The distances between the
holes labelled A0, B0 and D0, are the same as for
A,B and D on the clean surface in Fig. 6; it can be
implied that the C60 molecules adsorbed in the
positions C0, E0, F0, G0 and H0 are directly on-top
of the underlying hollows. The correspondence

between the distances measured in the two ®gures
leads us to tentatively assign the adsorption site as
the pentagonal hollow for these molecules. The s-
scaling relationships found in Fig. 6 are trans-
ferred to the C60 molecules; for example Eqs. (1)
and (2) apply now to the C60 molecules in the
form:

�A0E0� � s�A0D0� � s2�A0C0� � s3�A0B0� �3�

and

�E0H0� � s�E0G0� � s3�E0F0� �4�

Thus for these molecules, the surface acts as a
template for quasicrystalline adsorption. Note that
these molecules are not necessarily of the same
type as de®ned above; this suggests that the dif-
ferent types observed could be related to C60 ad-
sorption in hollows of di�erent types. If it were
possible to occupy all of the pentagonal hollow
sites on the surface and no others this would
constitute a two-dimensional in¯ated quasicrys-
talline overlayer; this would be a single spe-
cies physical realization of the in¯ation property
pointed out originally by Penrose [18]. This might
be achievable by either careful dosing calibration
or by controlled annealing of a saturated C60

monolayer; however our attempts to do so in this
work were not successful.

4. Conclusions

We have characterised the deposition of C60

molecules on the quasicrystalline AlPdMn surface
using STM, AES and SPA-LEED. The molecules
adsorb randomly on the surface, forming dis-
persed layers of increasing density as the coverage
is increased. The onset of second layer formation
has been observed. The C60 molecules have a range
of bonding sites on this surface, and some can
undergo tip-induced movements. Local s-scaling
relationships between molecules were identi®ed
with bonding of these molecules in ®ve-fold hollow
sites. However it was not possible to form a 2D
quasicrystalline overlayer.

AÕ

BÕ

DÕ

CÕ

EÕ

FÕ

GÕ

HÕ

36˚

M

Fig. 7. 150� 150 �A2 STM image of the ¯at Al70Pd21Mn9 sur-

face at a coverage of 6.5% (1.97 V, 1.04 nA). C60 molecules

adsorb on the pentagonal hollows, leading to s-scaling rela-

tionships between the molecules as described in the text.
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